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A simple, efﬁcient and high-yielding process has been developed for the synthesis of unprecedented
symmetrical trans-a,a0-bis(diphenylphosphoryl)cycloalkanols (2a-d), through the p-toluenesulfonic acid-
catalyzed reduction of trans-a,a0-bis(diphenylphosphoryl)cycloalkanones with sodium borohydride in
ethanol at room temperature. The structures of the synthesized compounds were studied using various
spectroscopic tools including IR, NMR (1H, 31P, 13C) spectroscopy and mass spectrometry. The molecular
structure of compound (2a) was further investigated using single crystal X-ray diffraction analysis. The
Hirshfeld surface, curvedness, shape index and 2D-ﬁngerprint plots were used to evaluate various
intermolecular interactions within the crystal structure. UV-Vis and HOMO-LUMO properties of com-
pound (2a) were also investigated.
© 2019 Elsevier B.V. All rights reserved.1. Introduction
Bisphosphine oxides have elicited considerable interest of
chemists due to their wide-range of useful properties. In addition to
their well-known metal complexing abilities and performance in
extraction of heavy metals [1e6], these phosphorus compounds
have gradually developed from a synthetic challenge to a directed
and rational design of novel molecular materials with outstanding
optoelectronic properties. For instance, many bisphosphine oxide-
based molecules have demonstrated good performances as
organic host materials for phosphorescent organic light-emitting
diodes [7]. Of speciﬁc importance are bisphosphine oxides pos-
sessing chiral centers, which can be reduced to the corresponding
optically active bisphosphines widely used as ligands for transition-
metal-catalyzed cross-coupling reactions and asymmetric synthe-
sis [8e13].
On the other hand, hydroxyphosphine oxides are an importantclass of compounds which serve as versatile precursors for
phosphorus-containing polymers [14], photoinitiators [15] and
organic optoelectronic materials, with the phosphine oxide moiety
improving electron injection properties, imparting high oxidative
and thermal stabilities, and lowering the operating voltage [16].
With this in mind, and in the continuation of our interest in the
synthesis and evaluation of novel functionalized phosphonates and
phosphine oxides [17], we now report an efﬁcient and high-
yielding process for the synthesis of unprecedented symmetrical
trans-a,a0-bis(diphenylphosphoryl)cycloalkanols, through the p-
toluenesulfonic acid-catalyzed reduction of trans-a,a0-bis(diphe-
nylphosphoryl)cycloalkanones with sodium borohydride in
ethanol at room temperature. Study of the molecular structure
characteristics of the synthesized compounds, in order to gainmore
insight into the molecular geometry, intermolecular interactions
and electronic properties, was performed by various spectroscopic
tools including IR, NMR (1H, 31P, 13C) spectroscopy, mass spec-
trometry and single crystal X-ray diffraction analysis, and by
theoretical calculations using the DFT/B3LYP/6-311 þ G(d,p) basis
set. Intermolecular interactions, within the crystal structure, were
further investigated by Hirshfeld surface analysis.
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2.1. General procedure for the synthesis of a,a0-
bis(diphenylphosphoryl)cycloalkanols (2a-d)
To a solution of the a,a0-bis(diphenylphosphoryl)cycloalkanone
1 (1mmol) and p-toluenesulfonic acid (0.2mmol, 20mol%) in
ethanol (10mL) maintained at 0 C under a nitrogen atmosphere,
was added sodium borohydride (8mmol). The mixture was stirred
for 1 h at 0 C then for 11 h at room temperature (reactions were
monitored by TLC). The solvent was removed under reduced
pressure. The residue obtained was diluted with water (30mL) and
extracted with chloroform (3 10mL). The organic phase was
dried over Na2SO4 and concentrated under vacuum to afford the
pure product in its crystal or powder form.
2.1.1. trans-2,6-bis(diphenylphosphoryl)cyclohexanol (2a)
Colorless crystals; mp 235e236 C; IR (neat): nP]O 1231 cm1,
nOH 3433 cm1; 31P NMR (CD3OD, 161.97MHz): d (ppm)¼ 35.2 (s,
1P), 39.1 (s, 1P); 1H NMR (CD3OD, 400.13MHz): d¼ 1.50e2.12 (m,
6H, 3 CH2), 2.68e2.76 (m, 1H, CH-OH), 3.21 (broad s, 1H, OH),
3.34e3.39 (m, 1H, CH-P), 4.08e4.16 (m, 1H, CH-P), 7.25e7.76 (m,
20H, Ar-H); 13C NMR (CD3OD, 100.61MHz): d¼ 18.47 (s, CH2), 19.48
(s, CH2), 22.00 (d, CH2, 3JCP¼ 13.1 Hz), 38.43 (d, CH-P, 1JCP¼ 72.4 Hz),
39.80 (dd, CH-P, 1JCP¼ 66.4 Hz, 3JCP¼ 8.0 Hz), 63.94 (s, CH-OH), Ar-
C: d¼ 128.46, 128.57, 128.67, 128.78, 130.21, 130.30, 130.34, 130.43,
130.53, 130.62, 130.92, 131.58, 131.69, 131.74, 131.77, 131.90; ESI-
HRMS: calculated for C30H30O3P2: 501.17429 (M þ H)þ, found:
501.17375.
2.1.2. trans-2,6-bis(diphenylphosphoryl)-4-methylcyclohexanol
(2b)
Colorless solid; mp 244e245 C; IR (neat): nP]O 1217 cm1, nOH
3369 cm1; 31P NMR (CD3OD, 161.97MHz): d (ppm)¼ 38.0 (s, 1P),
38.7 (s, 1P); 1H NMR (CD3OD, 400.13MHz): d¼ 1.20e1.69 (m, 4H, 2
CH2), 1.85e191 (m, 1H, CH-CH3) 2.09e2.12 (m, 1H, CH-OH), 3.25
(broad s, 1H, OH), 3.74e3.75 (m, 1H, CH-P), 4.29e4.35 (m, 1H, CH-
P), 7.43e7.95 (m, 20 H, Ar-H). 13C NMR (CD3OD, 100.61MHz):
d¼ 20.73 (s, CH3), 27.08 (d, CH-CH3, 3JCP¼ 4.0 Hz), 27.20 (d, CH-CH3,
3JCP¼ 4.0 Hz), 30.64 (s, 2 CH2), 38.61 (dd, CH-P, 1JCP¼ 71.4 Hz,
3JCP¼ 7.0 Hz), 38.88 (dd, CH-P, 1JCP¼ 71.4 Hz, 3JCP¼ 5.0 Hz), 68.65 (d,
CH-OH, 2JCP¼ 4.0 Hz), Ar-C: d¼ 128.00, 128.09, 128.11, 128.20,
128.34, 128.46, 128.58, 130.32, 130.41, 130.47, 130.56, 130.72, 130.81,
130.82, 130.92, 131.10, 131.13, 131.34, 131.37, 131.39, 131.54, 131.57,
131.61, 131.63, 132.01, 132.31, 132.61, 132.97, 133.03, 134.02; ESI-
HRMS: calculated for C31H32O3P2: 515.18994 (M þ H)þ, found:
515.18973.
2.1.3. trans-2,6-bis(diphenylphosphoryl)-4-ethylcyclohexanol (2c)
White solid; mp 206e207 C; IR (neat): nP]O 1228 cm1, nOH
3403 cm1; 31P NMR (CD3OD, 161.97MHz): d (ppm)¼ 38.1 (s, 1P),
38.9 (s, 1P); 1H NMR (CD3OD, 400.13MHz): d¼ 0.59 (t, 3H,
J¼ 8.0 Hz, CH3), 0.97e1.06 (m, 1H, CH-CH2), 1.08e1.27 (m, 4H, 2
CH2), 1.70e187 (m, 2H, CH2-CH3), 1.92e1.98 (m, 1H, CH-OH), 3.24
(broad s,1H, OH), 3.71e3.79 (m,1H, CH-P), 4.28e4.38 (m,1H, CH-P),
7.44e7.95 (m, 20H, Ar-H); 13C NMR (CD3OD, 100.61MHz): d¼ 10.13
(s, CH3), 28.38 (s, CH2-CH3), 28.70 (s, 2 CH2), 33.82 (d, CH-CH2-CH3,
3JCP¼ 4.0 Hz), 33.93 (d, CH-CH2-CH3, 3JCP¼ 5.0 Hz), 38.60 (dd, CH-P,
1JCP¼ 72.4 Hz, 3JCP¼ 6.0 Hz), 38.84 (dd, CH-P, 1JCP¼ 70.4 Hz,
3JCP¼ 5.0 Hz), 68.92 (d, CH-OH, 2JCP¼ 4.0 Hz), Ar-C: d¼ 127.97,
128.08, 128.20, 128.33, 128.42, 128.44, 128.54, 130.41, 130.45,
130.50, 130.54, 130.69, 130.78, 130.82, 130.91, 131.13, 131.33, 131.36,
131.52, 131.54, 131.59, 131.73, 131.94, 132.35, 132.72, 132.90, 133.09;
ESI-HRMS: calculated for C32H34O3P2: 529.20559 (M þ H)þ, found:
529.20662.2.1.4. Trans- and cis-2,5-bis(diphenylphosphoryl)cyclopentanol
(2d)
White solid; mp 258e259 C; IR (neat): nP]O 1269 cm1, nOH
3436 cm1; 31P NMR (CD3OD, 161.97MHz): d (ppm)¼ 34.0 (s, 1P,
17%, trans), 35.7 (s, 2P, 64%, cis), 37.1 (s, 1P, 19%, trans); 1H NMR
(CD3OD, 400.13MHz): d¼ 1.94e2.41 (m, 4H, 2 CH2), 3.11e3.23 (m,
2H, 2 CH-P), 3.33 (broad s, 1H, OH), 4.60e4.69 (m, 1H, CH-OH),
7.52e7.88 (m, 20 H, Ar-H); 13C NMR (CD3OD, 100.61MHz):
d¼ 23.59 (s, CH2, trans), 23.65 (s, CH2, trans), 23.70 (s, 2 CH2, cis),
24.45 (d, CH2, JCP¼ 2.0 Hz, trans), 24.59 (d, CH2, JCP¼ 2.0 Hz, trans),
24.66 (d, 2 CH2, JCP¼ 6.0 Hz, cis), 44.99 (dd, 2 CH-P, 1JCP¼ 74.5 Hz,
3JCP¼ 10.1 Hz, cis), 45.30 (dd, CH-P, 1JCP¼ 75.5 Hz, 3JCP¼ 3.0 Hz,
trans), 46.42 (dd, CH-P, 1JCP¼ 70.4 Hz, 3JCP¼ 9.1 Hz, trans), 73.74 (t,
CH-OH, 2JCP¼ 3.0 Hz, trans), 75.00 (t, CH-OH, 2JCP¼ 4.0 Hz, cis), Ar-
C: d¼ 128.42, 128.46, 128.48, 128.54, 128.58, 128.60, 128.63,
128.70, 128.75, 130.43, 130.45, 130.53, 130.57, 130.61, 130.71, 130.98,
131.00, 131.56, 131.70, 131.72, 131.75, 131.78, 131.85, 131.93, 132.01,
132.04, 132.17, 132.56, 132.70, 132.77, 133.16; ESI-HRMS: calculated
for C29H28O3P2: 487.15864 (M þ H)þ, found: 487.16086.
2.2. Analytical techniques
2.2.1. FT-IR, NMR and mass spectrometry
All the compounds were characterized by FT-IR, NMR and mass
spectrometry. The infrared spectra were recorded in the
400e4000 cm1 range with a Nicolet IR200 FT-IR spectrometer
using a neat sample at ambient temperature. The number of scans
was 32 and the resolution 4 cm1. NMR spectra were recorded at
400MHz (1H), 161MHz (31P) and 100MHz (13C APT) in CD3OD at a
concentration of 50mg/mL and at 25 C. Chemical shifts (d) are
reported in parts per million (ppm) relative to the residual solvent
peak. The coupling constants are reported in Hz. The multiplicities
of signals are indicated by the following abbreviations: s: singlet; d:
doublet; t: triplet; and m: multiplet. High-resolution-MS spectra
were performed on a Thermo LTQ Orbitrap XL mass spectrometer.
2.2.2. UV-vis measurements
The experimental UV-Vis absorption spectra of (2a) was
measured in dichloromethane as a solvent (8 mg, 10 mL) and at
room temperature with a PerkinElmer Lambda35 UV-Vis spectro-
photometer equipped with an integrating sphere in the range of
200e700 nm, while the theoretical electronic spectrum was
calculated using TD-DFT/B3LYP/6-311G þ method in dichloro-
methane. All calculations were performed using the Gaussian 09
program.
2.2.3. X-ray diffraction data
For the structure of compound (2a), X-ray intensity data were
collected at 100 K, on a Rigaku Oxford Diffraction Supernova Dual
Source (Cu at zero) diffractometer equipped with an Atlas CCD
detector using u scans and CuKa (l¼ 1.54184 Å) radiation. The
images were interpreted and integrated with the program CrysA-
lisPro (Rigaku Oxford Diffraction) [18]. Using Olex2 [19], the
structure was solved by direct methods using the ShelXS [20]
structure solution program and reﬁned by full-matrix least-squares
on F2 using the ShelXL [21] program package. Non-hydrogen atoms
were anisotropically reﬁned and the hydrogen atoms in the riding
mode and isotropic temperature factors ﬁxed at 1.2 times U(eq) of
the parent atoms (1.5 times for hydroxyl groups). The drawings
were made with Diamond [22] and Mercury [23]. Crystal data and
experimental parameters used for the intensity data collection are
summarized in Table 1.
2.2.4. Hirshfeld surface calculations
The visualization of crystal contacts through the Hirshfeld
Table 1
Crystallographic data and structure reﬁnement parameters for compound (2a).
Chemical formula C30H30O3P2
Mr 500.48
Crystal system, space group Monoclinic, P21/n
Temperature (K) 100
a, b, c (Å) 12.4780(3), 11.4248(2), 18.2576(4)
a, b, g () 90, 101.830(2), 90
V (Å3) 2547.50(10)
Z 4
Radiation type CuKa (l¼ 1.54184)
m (mm1) 1.788
Crystal size (mm) 0.142 0.117 0.068
Tmin, Tmax 0.778, 0.886
No. of measured, independent and observed [I> 2s(I)] reﬂections 48860, 5168, 4405
Rint 0.088
(sin q/l)max(Å1) 0.628
R[F2> 2s(F2)], wR(F2), S 0.0609, 0.1541, 1.044
No. of reﬂections 24611
No. of parameters 5158/0/317
Drmax, Drmin(e Å3) 0.65/-0.53
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quantify various intermolecular interactions in the crystal lattice,
the related 2D ﬁngerprint plots were conducted using Crysta-
lExplorer 3.1 [24] and Tonto [25]. Thus, CrystalExplorer can
compute the Hirshfeld surface and then the ﬁngerprint plots using
the CIF ﬁles of the desired compounds.
2.2.5. HOMO-LUMO calculations
All calculations were performed using the Gaussian 09 program
[26]. The electronic structure and optimized geometrical parame-
ters were calculated by density functional theory (DFT) with the
B3LYP/6-311 þ G(d,p) basis set. The frontier molecular orbital sur-
faces are visualized by the Gauss View Molecular Visualization
program [27]. The crystal structure in the solid state (CIF ﬁle) was
used as the starting structure for the calculations.
3. Results and discussion
3.1. Synthesis of a,a0-bis(diphenylphosphoryl)cycloalkanols (2a-d)
The starting trans-a,a0-bis(diphenylphosphoryl)cycloalkanones
(1) were prepared according to the reported procedure developed
by our group [28]. In order to establish the optimum reaction
conditions for the reduction of these compounds to the corre-
sponding hydroxybisphosphine oxides (2), we used a,a0-bis(di-
phenylphosphoryl)cyclohexanone (1a) as the model substrate in
the presence of inexpensive and environmentally friendly sodium
borohydride as reducing agent. The reactionwas studied by varying
several conditions (molar equivalents of NaBH4, catalysts, solvents,
temperature). The results of these comparative experiments are
summarized in Table 2.
At the outset of the study, the reaction was performed in solid
phase conditions by grinding a mixture of the ketobisphosphine
oxide (1a) and sodium borohydride in an agate mortar. The
monitoring of the reaction by different techniques (TLC, GC and 31P
NMR) showed no evolution towards the corresponding alcohol and
only the starting materials were recovered (Table 2, entry 1). Under
the same reaction conditions, the addition of an acid catalyst (TsOH,
AcOH, B(OH)3, H2SO4, AlCl3) to the reaction mixture, did not bring
any improvement to the reactivity (Table 2, entries 2e6). The use of
NaBH4 supported on alumina, in the presence of a few drops of
methanol, made it possible to obtain the desired product (2a) in
76% yield (Table 2, entry 7). On the other hand, no conversion was
observed when conducting the reaction in the presence of 4 molarequivalents of NaBH4, in methanol or ethanol as the solvent, even
after prolonged heating under reﬂux (Table 2, entries 8 and 9). An
improvement in the yield of (2a) was however observed when
adding an organic acid catalyst such as AcOH or TsOH, to the re-
action mixture. The best results were obtained by carrying out the
reactionwith 8molar equivalents of NaBH4 and 20mol% of TsOH, in
ethanol as the solvent, at room temperature for 12 h, which yielded
a 91% of the desired product (2a) (Table 2, entry 13).
With these optimized reaction conditions in hand, we next
studied the scope of this methodology. A variety of structurally
diverse ketobisphosphine oxides (1) were investigated and a series
of symmetrical trans-a,a0-bis(diphenylphosphoryl)cycloalkanols of
type (2) were afforded in excellent yields (Table 3). Pure products
can be isolated by simple extraction without the need for chro-
matography or recrystallization.
It should be mentioned that ketobisphosphine oxides (1a-c)
which are present exclusively in their trans conﬁguration, gave
consequently the corresponding trans-a,a0-bis(diphenylphos-
phoryl)cycloalkanols (2a-c). In the case of a,a0-bis(diphenylphos-
phoryl)cyclopentanone (1d), however, which is present as a
mixture of trans and cis isomers, the reaction gave a mixture of the
corresponding trans- and cis-a,a0-bis(diphenylphosphoryl)cyclo-
pentanols in 36:64 ratio (determined from the 31P NMR spectrum
of compound 2d).
The developed synthetic protocol offers signiﬁcant advantages,
such as excellent yields, mild reaction conditions, easy work-up and
environmental safety, what make the NaBH4/TsOH reducing sys-
tem, used here, a good candidate for the reduction of hindered and
complex carbonyl compounds.
3.2. Spectroscopic studies
The structures of compounds 2a-dwere deduced on the basis of
their FT-IR, 1H NMR, 13C NMR, and 31P NMR spectral data. The high-
resolution mass spectra of these compounds display molecular ion
peaks at appropriate m/z values.
3.2.1. FT-IR study
In order to investigate various interactions and gain more in-
sights into the structure of the title compounds, the functional
groups and the types of bonding existing in the four studied
compounds, we have undertaken a vibrational study using infrared
absorption.
The IR bands of the synthesized compounds are assigned by
Table 2
Optimization of the reaction conditions.
Entry NaBH4 (equiv) Catalyst (mol%) Solvent Time (h)a T (C) Yield (%)b
1 3 e e 3 25 e
2 5 TsOH (20mol%) e 3 25 e
3 5 AcOH (20mol%) e 3 25 e
4 5 B(OH)3 (20mol%) e 3 25 e
5 4 H2SO4 (20mol%) e 3 25 e
6 5 AlCl3 (20mol%) e 3 25 e
7c 4 Al2O3 (12 equiv) e 12 25 76
8d 4 e MeOH 12 reﬂux e
9d 4 e EtOH 12 reﬂux e
10 5 AlCl3 (10mol%) EtOH 12 25 e
11 5 AcOH (10mol%) EtOH 12 25 19
12 8 AcOH (20mol%) EtOH 12 25 67
13 8 TsOH (20mol%) EtOH 12 25 91
14 8 TsOH (20mol%) MeOH 12 25 62
15 8 TsOH (20mol%) THF 12 25 35
a The progress of the reactions was monitored by thin layer chromatography (TLC).
b Isolated yield.
c The reaction was performed in the presence of a few drops of MeOH.
d Entries 8 and 9 were also conducted at 25 C and yielded the same results.
Table 3
Substrate scope studies.
a Isolated yield.
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derivatives. The experimental IR spectra of compounds (2a-d)
measured in the solid state at room temperature (Fig. S1, in Sup-
plementary Information), revealed the presence of a broad band at
around 3400 cm1 being characteristic of the associated OeH vi-
brations [29]. We also noticed the presence of absorption bands of
medium intensities between 3060 and 2850 cm1 attributed to the
stretching vibrations of CH, CH2 and CH3 groups [30]. The bands of
medium intensities between 1430 and 1630 cm1 are assigned to
the stretching modes of the phenyl C]C double bonds [31]. Theabsorption band at around 1250 cm1 is assigned to the stretching
of the phosphoryl (P]O) groups [32]. In the frequency region be-
tween 830 and 1190 cm1, bands of medium intensities are present,
which could be assigned to the skeletal C-C vibrations of the
cycloalkane rings. The rest of absorptions between 490 and
760 cm1 are attributed to out-of-plane bending modes of C-H
bonds [33].
A comparative study between the experimental and theoretical
IR spectra, for compound 2a, was also made in order to get further
insights into the various vibrational frequencies. Observed and
N. Jebli et al. / Journal of Molecular Structure 1196 (2019) 356e369360calculated most important vibrational modes with their corre-
sponding assignments [34] are summarized in Table 4. The exper-
imental and calculated IR spectra of compound 2a are shown in
Figs. S1 and S2 respectively (see Supplementary Information).
Globally, the calculated data are in good agreement with the
experimental ones. The slight difference between computed and
experimental results could be attributed to the fact that the
experimental results belong to the solid phase of molecules while
the computed results apply to the gas phase of an isolated molecule
without any intermolecular interactions.
3.2.2. NMR study
The 31P, 1H and 13C NMR spectra of the title compounds are given
in the Supplementary Information.
The 31P{1H} NMR spectra of compounds (2a-c) exhibit two
separate singlets with the same intensities at around 35e39 ppm,
indicating that the two phosphorus atoms are not magnetically
equivalent. In the case of a,a0-bis(diphenylphosphoryl)cyclo-
pentanol (1d), however, we observed three separate singlets indi-
cating the coexistence of both trans and cis diastereoisomers in
36:64 ratio: two singlets with the same intensities at d¼ 34.0 and
37.1 ppm (relative intensities: 18% for each one) corresponding to
the two magnetically nonequivalent phosphorus atoms of the trans
isomer, and a singlet at d¼ 35.7 ppm (relative intensity: 64%) cor-
responding to the two magnetically equivalent phosphorus atoms
of the cis isomer.
The 1H NMR spectra of compounds (2a-d) showed, in particular,
a broad singlet at around 3.2 ppm, ascribable to the OH group. They
also exhibited the presence of the CH, CH2 and CH3 groups between
0.5 and 4.7 ppm, and the aromatic protons at the range of
7.2e7.9 ppm.
13C NMR spectra displayed resonances in agreement with the
structure of each compound. Of particular interest are the two CH-P
carbons, which are not magnetically equivalent in case of trans
compounds (2a, 2b, 2c and trans-2d), and resonate each one as a
doublet (1JCP ~ 70Hz) or a doublet of doublets (1JCP ~ 70Hz,
3JCP ~ 5 Hz) towards 38e46 ppm. The CH-OH carbon gives a singlet
at 63.9 ppm for compound (2a), and a doublet (2JCP¼ 4.0 Hz) at
around 69 ppm, for compounds (2b) and (2c). Whereas, in case of
compound (2d), the CH-OH carbon shows two triplets with
different intensities at the range of 73e75 ppm, which corroborates
the coexistence of both trans and cis isomers for this compound.
Each triplet is characteristic of the coupling with the two phos-
phorus atoms with a 2JCP coupling constant of about 3 Hz. It should
be alsomentioned that the phenyl groups on the phosphorus atoms
showed a signal doubling indicating that they are not magnetically
equivalent.Table 4
Selected experimental and calculated vibrational wave numbers (cm1) for com-
pound (2a).
Vibrational modes Exp. wave numbers Calc. wave numbersa
OeH str.b 3400 3496
CeH str. (CH, CH2 & CH3) 2850e3060 2982e3049
C¼C str. in phenyl rings 1430 1490
P¼O str. 1250 1211
CeC str. 1190 1193
CeO str. 1065 1085
CeC str. 830 834
CeH def. in phenyl ringsc 760 746
CeH def. in phenyl rings 490 461
a The theoretical IR spectrum was calculated using the B3LYP/6-311 þ G(d,p)
basis set. X-ray structure coordinate of compound (2a) was taken as starting point
for calculations.
b Str.¼ stretching.
c Def.¼ deformation.3.2.3. UV-vis study
The experimental UV-Vis absorption spectrum of compound
(2a) measured in dichloromethane as the solvent at room tem-
perature, is shown in Fig. S3. It exhibits intense absorption bands in
the UV region at 265 nm, due to p-p* electronic transitions.
The UV-Vis experimental spectral data of compound (2a) were
compared with the theoretical ones calculated using the TD-DFT/
B3LYP/6-311G þmethod [35,36]. The computed properties such as
absorption wavelengths (l, nm), oscillator strengths (f), and
assignment of electronic transitions with contributions of corre-
sponding conﬁgurations, are listed in Table 5.
The theoretical UV-Vis spectrum of the studied compound in
dichloromethane (Fig. S4) displays absorption maxima values
centered at 237.98, 236.48 and 334.74 nm respectively, corre-
sponding to the intense p-p* transitions. The ﬁrst electron transi-
tion at 5.23 eV is connected with the excitation from the third
highest occupied molecular orbital (HOMO-3) to the lowest ﬁrst
unoccupiedmolecular orbital (LUMOþ1), which corresponds to the
maximum absorption wavelength with 16% contribution. The sec-
ond transition at 5.24 eV is connected with (HOMO-3) to LUMO
transition, and the third transition at 5.28 eV comes from the
electron excitation from HOMO to LUMOþ1, giving the major mo-
lecular orbital contribution with 23%.
3.3. Single crystal X-ray diffraction analysis of compound (2a)
Single crystals of a,a0-bis(diphenylphosphoryl)cyclohexanol
(2a) were obtained directly after reaction work-up, without any
further recrystallization. Crystal data and experimental parameters
used for the intensity data collection for compound (2a), are
summarized in Table 1.
Compound (2a) was found to crystallize in the monoclinic sys-
tem with centrosymmetric space group P21/n (Table 1). A
perspective view of the asymmetric unit of the structure of (2a)
with 50% probability thermal ellipsoids is depicted in Fig. 1. It
consists of two diphenylphosphoryl moieties linked to a cyclo-
hexanol ring in the 2 and 6 positions.
The molecule exhibits a regular spatial conﬁguration with usual
distances and angles (Table 6). The mean values of C-C bonds are
1.389, 1.386, 1.385 and 1.382 Å respectively for the four phenyl
rings, which are between single bonds and double bonds and
similar to those of benzene derivatives [37,38]. The two phenyl
groups on each phosphorus atom are not co-planar due to steric
reasons. The dihedral angles between the two phenyl rings on P1
and P2 are 106.77 and 104.92 respectively, showing a quasi-
orthogonal arrangement of the two phenyl groups on each phos-
phorus atom. The P-O distances: P1-O1 of 1.4929(17) Å and P2-O3
of 11.4901(17) Å are consistent with P-O double bonds (Table 6).
The two diphenylphosphoryl groups are on opposite sides of the
cyclohexanol ring, indicating a trans relative stereochemistry for
compound (2a).
The cyclohexanol ring is in the characteristic chair conformation
and its geometrical characteristics are reported in Table 6, indi-
cating that the C-C, C-O and C-P distances as well as the C-C-C, C-C-
O and C-C-P angles are in accordancewith those observed in similar
compounds [39e42]. The conformation of the cyclohexanol six-
membered ring can be described in terms of Cremer and Pople
puckering coordinates [43], i.e. evaluating the parameters Q (total
puckering amplitude), q2, q3, q and 4. Their calculated values for
the C13eC14eC15eC16eC17eC18 ring are: Q¼ 0.5586 Å,
q2¼ 0.0435 Å, q3¼0.5569 Å, q¼ 4.47 and 4¼ 175.53, indi-
cating that the cyclohexanol ring has been slightly distorted from
the standard chair conformation by the hydroxyl group (Fig. 2).
The crystal packing shows that the molecules are inter-
connected via O-H/O]P intermolecular hydrogen bonds to form
Table 5
Calculated and experimental UV-Vis spectral characteristics of compound (2a): electronic transition wavelengths (l, nm), oscillator strengths (f), and assignment of electronic
transitions with contributions of corresponding conﬁgurations.
B3LYP/6311G(þ) lexp
l f assignment
236.98
236.48
234.74
0.0119
0.0072
0.0067
HOMO-3/ LUMOþ1 : 16%
HOMO-3/ LUMO: 16%
HOMO/ LUMOþ1 : 23%
265
Fig. 1. X-ray molecular structure of compound (2a) with the atom numbering scheme. Thermal displacement ellipsoids are drawn at the 50% probability level.
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graphic a-axis (Fig. 3), with O1/H2 distance of 2.0 Å (Table 6). The
packing is further stabilized by several H/H, H/C, C/O and O/O
interactions with the distances between 2.2 and 2.8 Å (Fig. 4), and
by weak CH… p intermolecular interactions: the distance between
hydrogen H8 and Cg1 (Cg1 is the centroid of the C1-C2-C3-C4-C5-
C6 phenyl ring) is 3.607 Å. The distances from H4 and H14 to the
centroid Cg2 (Cg2 is the centroid of the C7-C8-C9-C10-C11-C12
phenyl ring) are 3.529 and 3.062 Å respectively. However, the most
important CH … p intermolecular interaction, which corresponds
to the smallest distance, is observed between hydrogen H5 and Cg3
(Cg3 is the centroid of the C19-C20-C21-C22-C23-C24 phenyl ring),
with a distance of 2.939 Å (Fig. 5).
3.4. Hirshfeld surface analysis
Hirshfeld surface analysis is a very powerful tool for the un-
derstanding of different kinds of intermolecular interactions. It
serves as a convenient tool for gaining additional insights into the
intermolecular interactions of molecular crystals. The size and
shape of Hirshfeld surface allows the qualitative and quantitative
investigation and visualization of intermolecular close contacts in
molecular crystals [44].
The Hirshfeld surfaces and related 2D ﬁngerprint plots were
calculated using Crystal Explorer 3.1 [24] and Tonto [25]. The mo-
lecular Hirshfeld surface, dnorm, was calculated using the equationgiven below and mapped over dnorm ranges e 0.105 to 1.232 Å. The
distances di and de represent the internal and external nearest
nucleus to the surface respectively.
dnorm¼

di  r vdwi
.
r vdwi þ

de  r vdwe
.
r vdwe (1)
The percentage CXYof contacts on the Hirshfeld surface between
two chemical elements X, Y in a crystal packing is an information
retrieved by the program CrystalExplorer. The quantities can be
used directly to calculate, by summation, the chemical contents SX
of the Hirshfeld surface. The deﬁnition of enrichment ratio of
contacts and its calculation was previously described [45,46].
Hence, the ratio of random contacts RXY between two chemical
elements X and Y is introduced. The RXY values are deﬁned as if all
contact types X$$$Y in the crystal packing were equi-distributed
between all chemical types and are obtained by probability
products:
RXX¼ S 2X and RXY ¼ 2 : SX : SY (2)
When reciprocal contacts X$$$Y and Y$$$X are both considered,
the factor 2 arises. Then, the enrichment ratio EXY for a pair of el-
ements (X, Y) is deﬁned as the ratio between the proportion of
actual contacts in the crystal and the theoretical proportion of equi-
distributed random contacts:
Table 6
Selected bond lengths and angles (Å, º) for compound (2a).
P1eO1 1.4929(17) C14eH14 1.0000
P1eC1 1.818(3) C14eC15 1.543(3)
P1eC7 1.810(3) C15eH15 1.0000
P1eC13 1.826(3) C15eC16 1.531(3)
P2eO3 1.4901(17) C16eH16A 0.9900
P2eC15 1.826(2) C16eH16B 0.9900
P2eC19 1.817(3) C16eC17 1.532(3)
P2eC25 1.808(3) C17eH17A 0.9900
O2eH2 0.8400 C17eH17B 0.9900
O2eC14 1.424(3) C17eC18 1.536(4)
C1eC2 1.383(4) C18eH18A 0.9900
C1eC6 1.395(3) C18eH18B 0.9900
C2eH2A 0.9500 C19eC20 1.396(3)
C2eC3 1.391(4) C19eC24 1.393(4)
C3eH3 0.9500 C20eH20 0.9500
C3eC4 1.387(4) C20eC21 1.383(4)
C4eH4 0.9500 C21eH21 0.9500
C4eC5 1.376(4) C21eC22 1.383(4)
C5eH5 0.9500 C22eH22 0.9500
C5eC6 1.389(4) C22eC23 1.400(4)
C6eH6 0.9500 C23eH23 0.9500
C7eC8 1.403(3) C23eC24 1.382(4)
C7eC12 1.386(4) C24eH24 0.9500
C8eH8 0.9500 C25eC26 1.401(3)
C8eC9 1.385(4) C25eC30 1.384(4)
C9eH9 0.9500 C26eH26 0.9500
C9eC10 1.384(4) C26eC27 1.386(4)
C10eH10 0.9500 C27eH27 0.9500
C10eC11 1.389(4) C27eC28 1.386(4)
C11eH11 0.9500 C28eH28 0.9500
C11eC12 1.396(4) C28eC29 1.386(4)
C12eH12 0.9500 C29eH29 0.9500
C13eH13 1.0000 C29eC30 1.393(4)
C13eC14 1.540(3) C30eH30 0.9500
C13eC18 1.530(4)
O1eP1eC1 111.28(11) P2eC15eH15 106.200
O1eP1eC7 112.68(12) C14eC15eP2 110.99(16)
O1eP1eC13 115.00(11) C14eC15eH15 106.200
C1eP1eC13 106.77(12) C16eC15eP2 114.73(18)
C7eP1eC1 106.08(12) C16eC15eC14 111.9(2)
C7eP1eC13 104.36(11) C16eC15eH15 106.200
O3eP2eC15 116.73(11) C15eC16eH16A 108.900
O3eP2eC19 110.99(11) C15eC16eH16B 108.900
O3eP2eC25 111.87(11) C15eC16eC17 113.4(2)
C19eP2eC15 104.92(12) H16AdC16dH16B 107.700
C25eP2eC15 104.85(11) C17eC16eH16A 108.900
C25eP2eC19 106.74(11) C17eC16eH16B 108.900
C14eO2eH2 109.500 C16eC17eH17A 109.300
C2eC1eP1 124.60(19) C16eC17eH17B 109.300
C2eC1eC6 119.4(2) C16eC17eC18 111.6(2)
C6eC1eP1 116.0(2) H17AdC17dH17B 108.000
C1eC2eH2A 119.700 C18eC17eH17A 109.300
C1eC2eC3 120.7(2) C18eC17eH17B 109.300
C3eC2eH2A 119.700 C13eC18eC17 110.8(2)
C2eC3eH3 120.300 C13eC18eH18A 109.500
C4eC3eC2 119.4(3) C13eC18eH18B 109.500
C4eC3eH3 120.300 C17eC18eH18A 109.500
C3eC4eH4 119.800 C17eC18eH18B 109.500
C5eC4eC3 120.3(2) H18AdC18dH18B 108.100
C5eC4eH4 119.800 C20eC19eP2 116.6(2)
C4eC5eH5 119.800 C24eC19eP2 123.70(19)
C4eC5eC6 120.3(2) C24eC19eC20 119.7(3)
C6eC5eH5 119.800 C19eC20eH20 119.800
C1eC6eH6 120.100 C21eC20eC19 120.4(3)
C5eC6eC1 119.8(3) C21eC20eH20 119.800
C5eC6eH6 120.100 C20eC21eH21 119.900
C8eC7eP1 121.1(2) C22eC21eC20 120.2(2)
C12eC7eP1 118.9(2) C22eC21eH21 119.900
C12eC7eC8 119.7(3) C21eC22eH22 120.200
C7eC8eH8 120.000 C21eC22eC23 119.5(3)
C9eC8eC7 120.1(3) C23eC22eH22 120.200
C9eC8eH8 120.000 C22eC23eH23 119.700
C8eC9eH9 120.000 C24eC23eC22 120.7(3)
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Table 6 (continued )
C10eC9eC8 120.0(3) C24eC23eH23 119.700
C10eC9eH9 120.000 C19eC24eH24 120.200
C9eC10eH10 119.800 C23eC24eC19 119.6(2)
C9eC10eC11 120.4(3) C23eC24eH24 120.200
C11eC10eH10 119.800 C26eC25eP2 121.6(2)
C10eC11eH11 120.100 C30eC25eP2 118.41(19)
C10eC11eC12 119.8(3) C30eC25eC26 119.9(2)
C12eC11eH11 120.100 C25eC26eH26 120.000
C7eC12eC11 120.0(3) C27eC26eC25 120.0(3)
C7eC12eH12 120.000 C27eC26eH26 120.000
C11eC12eH12 120.000 C26eC27eH27 120.100
P1eC13eH13 106.200 C28eC27eC26 119.9(2)
C14eC13eP1 113.60(18) C28eC27eH27 120.100
C14eC13eH13 106.200 C27eC28eH28 119.800
C18eC13eP1 112.11(16) C27eC28eC29 120.4(2)
C18eC13eH13 106.200 C29eC28eH28 119.800
C18eC13eC14 111.8(2) C28eC29eH29 120.000
O2eC14eC13 108.77(19) C28eC29eC30 119.9(3)
O2eC14eH14 109.400 C30eC29eH29 120.000
O2eC14eC15 109.77(19) C25eC30eC29 119.9(2)
C13eC14eH14 109.400 C25eC30eH30 120.000
C13eC14eC15 110.1(2) C29eC30eH30 120.000
C15eC14eH14 109.400
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An enrichment ratio larger than unity reveals that a pair of el-
ements has a high propensity to form contacts in crystals, while
pairs which tend to avoid contacts with each other should yield an
E value lower than unity.
The Hirshfeld three-dimensional surface mapped over the dnorm
for compound (2a) (Fig. 6) reveals numerous slight interactions
(light red to white) [47]. The red regions labeled in the dnorm map
are attributed to O/H/H/O contacts, corresponding to strong O-Fig. 2. View of the chair conforH/O]P intermolecular hydrogen bonds. The pale blue to white
spot represents C/H/H/C contacts associated with weak C-H/C.
While, the light spots correspond to H/H interactions.
The shape index and curvedness for compound (2a) were also
examined and are shown in Figs. S5 and S6 (see Supplementary
Information). The deep red circle represented by concave regions
on the shape index (Fig. S5) indicates hydrogen-bonding contacts,
which corroborates the presence of intermolecular hydrogen bonds
between the hydroxyl and phosphoryl groups. The blue triangles
represented by convex regions on the shape index surfaces aremation of compound (2a).
Fig. 3. A projection along the a-axis of the crystal packing of compound (2a). The dotted lines indicate intermolecular hydrogen bonds.
N. Jebli et al. / Journal of Molecular Structure 1196 (2019) 356e369364characteristic of p-p stacking of aromatics [24]. The existence of p-
p interactions is also evident from the relatively large and green ﬂat
regions delimited by blue circles, on the corresponding curvedness
surfaces (Fig. S6) [48].
The 2D ﬁngerprint plots provide additional information on
intermolecular interactions and are used to quantify the relative
contribution of the intermolecular contacts to crystal stability of
compound (2a). Thus, reciprocal H/H, C/H/H/C and O/H/H/O
intermolecular interactions are found to be the most abundant in
the studied compound, with the values of 67.7%, 16.5% and 11.0%
respectively (Fig. 7).Fig. 4. A projection along the a-axis showing the H/H, H/C,It could be also noticed that the H/H contacts are the most
frequent interactions in the studied compound. This could be due to
the abundance of hydrogen on the molecular surface (81.45%), and
they are slightly over-represented with an enrichment ratio of 1.02
(Table 7). With 13.5% of carbons on the molecular surface of com-
pound (2a), the C/H/H/C contacts show enrichment ratios
around 0.78 and become the second most frequent interactions,
which correspond to weak C-H/C and C-H … p hydrogen bonds.
The H/O/O/H hydrogen bonds account for 11% of the total
Hirshfeld surface and are over-represented (EHO¼ 1.23) in the
crystal structure (Table 7).C/O and O/O interactions in the crystal packing of (2a).
Fig. 6. View of the dnorm mapped on the Hirshfeld surface of (2a).
Fig. 5. Illustration of C-H … p intermolecular interactions in (2a) crystal.
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Fig. 7. 2D ﬁngerprint plots of compound (2a).
Table 7
Proportions of various intermolecular contacts contributing to the Hirshfeld surfaces
in compound (2a).
Surfaces Proportions of interactions Enrichment ratios
Compound (2a) H¼ 81.45%, H/H¼ 67.7% EHH¼ 1.02
C¼ 13.05% H/C/C/H¼ 16.5% ECH¼ 0.78
O¼ 5.5% H/O/O/H¼ 11% EOH¼ 1.23
C/C¼ 4.8%
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Frontier molecular orbitals (FMOs) are commonly used to pro-
vide additional informations about the energy gap which is a good
indicator of the chemical reactivity, kinetic stability, optical polar-
izability and chemical hardness-softness of a molecule [49e53].
Thereby, DFT calculations were applied to predict such properties,
starting from the crystal data of compound (2a) and using the DFT-
B3LYP/6-311Gþ(d,p) method. The obtained values of HOMO and
LUMO levels for the studied compound, their distributions and
consequently their energy gap are given in Fig. 8.
It could be observed that the highest occupied molecular orbital
(HOMO) in compound (2a) is mainly located in the cyclohexanol
ring, with calculated energy EHOMO¼7.0 eV. While the lowest
unoccupied molecular orbital (LUMO) is mainly localized on onediphenylphosphoryl group, with calculated energy
ELUMO¼1.316 eV. Accordingly, the HOMO-LUMO energy gap has
been calculated as 5.686 eV (Fig. 8).
Furthermore, the HOMO (electron donor) and LUMO (electron
acceptor) energy values are used to calculate global chemical
reactivity descriptors [54] such as ionization potential (I)¼ -
EHOMO¼ 7.0, electron afﬁnity (A)¼ -ELUMO ¼ 1.316, electronega-
tivity (c) ¼ (I þ A)/2 ¼ 4.158, chemical hardness (h) ¼ (I-A)/
2 ¼ 2.842, chemical potential (m) ¼ -(I þ A)/2 ¼ 4.158, chemical
softness (S) ¼ 1/h ¼ 0.352 and electrophilicity index (u) ¼ m2/
2h¼ 3.042.
The large energy gap between the HOMO and LUMO orbitals,
calculated as 5.686 eV, characterizes a high chemical hardness and
kinetic stability of the studied molecule [55e57]. Furthermore, the
low-energy HOMO level of 7.0 eV, makes these compounds
potentially suitable for hole injection and hole transport in a thin-
ﬁlm based electronic device (OLED or OFET), and should guarantee
a reasonable long-term stability [58].
4. Conclusion
We have successfully developed an efﬁcient, simple and high-
yielding protocol for the synthesis of unprecedented symmetrical
trans-a,a0-bis(diphenylphosphoryl)cycloalkanols (2a-d), through
the p-toluenesulfonic acid-catalyzed reduction of trans-a,a0-
Fig. 8. Frontier molecular orbitals (HOMO and LUMO) of compound (2a).
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in ethanol at room temperature. The synthesized compounds could
be good candidates for applications in organic optoelectronic ma-
terials. Their structure was studied by using various spectroscopic
tools including FT-IR, NMR (1H, 31P, 13C) spectroscopy and mass
spectrometry. The molecular structure of compound (2a) was
further investigated using single crystal X-ray diffraction. Inter-
molecular interactions in the crystal structure were studied in
detail using Hirshfeld surface analysis and 2D ﬁngerprint plots,
indicating that the most frequent intermolecular interactions are
reciprocal H/H, C/H/H/C and O/H/H/O contacts. UV-Vis and
HOMO-LUMO properties of compound (2a) were also investigated
showing high chemical hardness and kinetic stability. The low-
energy HOMO level makes these compounds potentially suitable
for hole injection and hole transport in a thin-ﬁlm based electronic
device (OLED or OFET).Acknowledgement
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